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4-Phenylbutyric Acid Increases GLUT4 Gene Expression through Suppression of HDAC5 but not Endoplasmic Reticulum Stress

Introduction
Recent studies have indicated that insulin resistance (IR) is a key feature of diabetes and obesity [1] . Some reports have revealed that endoplasmic reticulum (ER) stress plays a pivotal role in promoting IR. Any misfolded protein in the ER may induce ER stress [2] . To deal with this stress, cells initiate the unfold protein response (UPR) [3] , which is mediated by three types of ER-transmembrane protein: inositol-requiring protein 1 (IRE1), RNAdependent protein kinase-like ER eukaryotic translation initiation factor 2 alpha kinase (PERK), and activating transcription factor 6 (ATF6) [4] . When ER stress deteriorates, these three ER-transmembrane proteins could cause IR via insulin receptor substrate/ phosphatidylinositol 3-kinase (IRS/PI3K) [5] . For instance, the UPR-induced IRE1 could trigger the c-Jun N-terminal kinase (JNK) activity and promote the serine phosphorylation of insulin receptor substrate-1 (IRS-1) and inhibit the insulin receptor signaling, resulting in IR and aggravating diabetes [6, 7] .
These results demonstrate the correlation between ER stress and IR. Some recent studies have shown that attenuation of ER stress can enhance insulin sensitivity, increase glucose uptake, and reduce glucose concentration in diabetic mice [8] [9] [10] . These studies have reported that some chemical or pharmaceutical chaperones could improve ER folding capacity and facilitate the trafficking of mutant proteins [3] . Chemical or pharmaceutical chaperones are a group of low molecular weight compounds known to stabilize protein conformation. Glucose regulated protein 78 (GRP78) is a kind of chaperone which could help unfolded protein fold [11] . GRP78 can also enhance the expression of IRE1, PERK and ATF6. PERK will promote the expression of CCAAT/enhancer-binding protein homologous protein (CHOP). When the accumulation of CHOP reaches a threshold, the apoptosis pathway will open [12] and the IRE1 and ATF6 will open the ER associated degradation (ERAD) pathway [13] . With these pathways, the chaperone GPR78 relieves the UPR-induced ER stress [11] .
4-phenylbutyric acid (4-PBA) is a chemical chaperone, which could relieve ER stress [14] . 4-PBA has been used in clinical trials for cystic fibrosis and neurodegenerative diseases and approved for the treatment of patients with urea-cycle enzyme deficiency [15] . In addition, numerous studies have found that 4-PBA can improve IR in type 2 diabetes. From the literature, the treatment of obese and diabetic ob/ob mice with 4-PBA can result in normalization of hyperglycemia, restoration of systemic insulin sensitivity, and increased glucose uptake compared to that in muscle and adipose tissues from vehicle-treated controls [8] . Other report showed that 4-PBA treatment can not reduce plasma glucose in hydrocortisone sodium succinate-induced diabetic mice and Goto-Kakizaki rats which ER stress dose not play a central role [10] . These reports indicate that treatment with 4-PBA enhances insulin-stimulated glucose disposal, but only in the ER stress-induced IR animal model.
Evidence from previous research indicates that 4-PBA can relieve ER stress, and thus improve IR and promote glucose metabolism. In mammalian organisms, glucose transport across the cell membrane is mediated by the glucose transporter proteins (GLUTs) [16] . In adipose tissue and skeletal muscle, glucose transporter type 4 (GLUT4) is the major glucose transporter protein [9] . From the literature, studies indicate that the regulation of GLUT4 gene expression is at the transcriptional level [17] . There is evidence that reduced GLUT4 gene expression can cause a decrease in insulin-stimulated glucose uptake, resulting in aggravation of IR in patients with type 2 diabetes [16] . Therefore, GLUT4 plays an indispensable role in the process of glucose transport. We hypothesize that GLUT4 participates in the process in which 4-PBA attenuates ER and promotes glucose uptake. As far as we are aware, at present there is no other study that has investigated the effect of 4-PBA on GLUT4 gene expression.
The purpose of this study was to clarify whether 4-PBA manipulates GLUT4 gene expression in C2C12 myotubes. We treated these myotubes with 4-PBA and then examined the GLUT4 gene expression and glucose metabolism. In addition, we investigated the possible pathways for 4-PBA to regulate GLUT4 gene expression. 
Materials and Methods
Cells Culture
Mouse C2C12 myoblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (50units/mL), and streptomycin (50mg/mL). When cells reached confluence, the medium was transferred to the differential medium containing Dulbecco's modified Eagle's medium and 2% horse serum. This day was marked the first day of differentiation. The differential medium was changed every other day. After four additional days, the differentiated C2C12 cells had fused into myotubes.
Quantitative real-time polymerase chain reaction (RT-PCR)
Total cellular RNA from C2C12 myotubes was prepared using RNAiso (Takara, Japan). First-strand cDNA was synthesized from total RNA using PrimeScript RT reagent Kit (Takara, Japan). To quantify mRNA expression, RT-PCR was performed with the ABI7000 using the SYBR Premix Ex Taq II (Takara, Japan) according to the manufacturer's protocol. Respective primer sets (forward and reverse) were as follows: GLUT4, 5-TGCTCTCCTGCAGCTGATT-3 and 5-TTCAGCTCAGCTAGTGCGTC-3; GLUT1, 5-CTTCCTGCTCATCAATCGT-3 and 5-AGCTCCAAGATGGTGACCTT-3; CHOP, 5-GTCCTGTCCTCAGATGAAATTGG-3 and 5-GCAGGGTCAAGAGTAGTGAAGGTT-3; GRP78, 5-ACCTATTCCTGCGTCGGTGT-3 and 5-GCATCGAAGACCGTGTTCTC-3; 36B4, 5-GCTCCAAGCAGATGCAGCA-3 and 5-CCGGATGTGAGGCAGCAG-3. Levels of GLUT4, GLUT1, CHOP, and GRP78 mRNA were normalized against the amount of Beta-actin mRNA.
Western blot C2C12 myotubes were washed with PBS and resuspended in lysis buffer. Lysates were centrifuged for 15 min at 4 o C and protein contents of the supernatant were determined using DC protein assay reagents package (Bio-Rad Laboratories, CA, USA). Aliquots of the proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to PVDF membranes purchased from Bio-Rad Laboratories (CA, USA). For Western blots, membranes were incubated with antibodies. Antibodies against GLUT4, CHOP, GRP78 and histonedeacetylase 5 (HDAC5) were purchased from Cell Signaling Technology (Danvers, MA), and anti-MyoD, anti-Myogenin from Abcam (Cambridge, MA). Antibody against Acetyl-histon H3 was purchased from Millipore (Bedford, MA), and anti-MEF2A from Santa Cruz Biotechnology (Santa Cruz, CA). Bands were visualized using an ECL plus western blotting detection system (GE Healthcare, UK).
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as previously described using a kit from Upstate Cell Signaling Solutions [18] . Briefly, 24 h after 4-PBA treatment, C2C12 myotubes were cross-linked with 1% formaldehyde and lysed on ice. Chromatin was sheared to fragments 250-1000bp by sonication and centrifuged, and the supernatant was precleared with salmon sperm DNA/protein A agarose to yield input sample. Chromatin from 500ul of the input sample was immunoprecipitated by incubation with protein agarose A and antibodies directed against MEF2A, acetylated histone H3, or with immunoglobulin G (IgG). Precipitated complexes were reverse cross-linked by adding 0.2 M NaCl and incubating at 65°C for 6h, and the coimmunoprecipitated DNA was purified by phenol-chloroform extraction and resuspended in dH 2 O. A 270-bp fragment corresponding to nucleotides 336 to 604 of the mouse Glut4 promoter containing the MEF2 binding site was amplified by PCR using the following primers: forward 5-CAGGCATGGTCTCCACATACAC-3; reverse 5-GGTAACTCCAGCAGGATGACA-3.
Glucose uptake and glycogen synthesis assay C2C12 myotubes were pre-incubated with 5mM 4-PBA for 12 h or 24 h. Five hours before the experiment, cells were deprived of serum in DMEM containing 5mM 4-PBA. Cells were then washed with PBS and incubated with or without 100 nM insulin for 60 min in KRBH buffer containing 5.6mM glucose and
] glucose (3.7×10 −3 MBq/ml). The ice-cold 0.9% (wt/vol.) NaCl prior to lysis in 50% (wt/vol.) KOH was added to terminate the incubation. Glucose uptake and cellular glycogen were precipitated from lysates as described previously [19] , and associated radioactivity was determined by liquid scintillation counting. Protein was determined using the Bradford method [20] . 
Statistical analysis
Statistical differences between groups were evaluated by Student's t-test and were considered significant when p < 0.05.
Results
4-PBA treatment increases GLUT4 mRNA and protein expressions
We treated C2C12 myotubes with 5.0 mM 4-PBA for 12 or 24 h from the seventh day of differentiation, and then measured GLUT4 mRNA and protein levels and GLUT1 mRNA level. It was noted that there was an increase in expression levels of GLUT4 at both mRNA and protein (Fig. 1B, F) , but the mRNA levels of GLUT1 were not affected (Fig. 1C ). Moreover, we tested the mRNA and protein levels from the expression of CHOP and GRP78 under 4-PBAtreated conditions (Fig. 1D, E, F) , but there were no noticeable changes between the control and the 4-PBA-treated groups.
To confirm the effects of 4-PBA on cell differentiation, we examined both the morphological changes to the C2C12 myotubes after 4-PBA treatment, and also analyzed MyoD and myogenin protein levels. The results showed no obvious change in either mRNA or protein levels of the MyoD and myogenin (Fig. 1F) . The cell morphology analyses of the control and 4-PBA-treated groups were also similar (Fig. 1G) .
These data suggested that 5.0 mM 4-PBA increased GLUT4 gene expression at both mRNA and protein levels without affecting cell differentiation in C2C12 myotubes after treatment for 12 or 24 h.
Tunicamycin-induced ER stress does not change GLUT4 gene expression; 4-PBA treatment increases GLUT4 mRNA and protein expressions under tunicamycin-induced ER stress condition
Since tunicamycin treatment can aggravate ER stress, we treated C2C12 myotubes with 0.5 µg/mL tunicamycin for 24 h from the seventh day of differentiation. The results showed that the mRNA and protein levels from the expression of CHOP and GRP78 were significantly increased in the tunicamycin treated groups (Fig. 2A, B, E) , indicating that the ER stress was aggravated by tunicamycin treatment. There was no discernible difference at GLUT4 mRNA and protein levels, and GLUT1 mRNA levels (Fig. 2C, D, E) .
We treated C2C12 myotubes under tunicamycin-induced ER stress condition with 5.0 mM 4-PBA for 24 h, and found that GLUT4 mRNA and protein levels were markedly increased compared with the group treated with 0.5 µg/mL tunicamycin alone (Fig. 2C, E) , but GLUT1 mRNA levels were not (Fig. 2D) . Meanwhile, the data showed that mRNA and protein levels of CHOP and GRP78 gene expressions were reduced compared with the group treated with 0.5 µg/mL tunicamycin alone ( Fig. 2A, B, E) .
From these data, tunicamycin-induced ER stress did not affect GLUT4 gene expression, but 4-PBA increased GLUT4 mRNA and protein levels under tunicamycin-induced ER stress.
Butyrate treatment increases GLUT4 mRNA and protein expressions
To examine the effect of HDAC inhibitor on GLUT4 mRNA and protein levels and GLUT1 mRNA levels, we treated C2C12 myotubes with 5.0 mM butyrate for 12 or 24 h from the seventh day of differentiation. The data showed the similar results as observed with the 4-PBA treatment. The mRNA and protein levels of GLUT4 were significantly increased after butyrate treatment (Fig. 3A, E) , but GLUT1 mRNA levels were not (Fig. 3B) . The CHOP and GRP78 expressions at both mRNA and protein levels were not affected (Fig. 3C,  D, E) .
Thus, as a HDAC inhibitor, butyrate can also increase GLUT4 gene expression at both mRNA and protein levels which were similar to that achieved with 4-PBA treatment.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry associated protein expressions. HDAC5 protein levels were significantly reduced in the nucleus after 4-PBA and butyrate treatments, and acetylation of histone H3 increased after 4-PBA treatment or butyrate treatment (Fig. 4A ). There were no differences of MEF2A protein levels between 4-PBA and butyrate treatment groups and the control group (Fig. 4A) .
The results of chromatin immunoprecipitation (ChIP) assay showed that 4-PBA or butyrate caused hyperacetylation of histone H3 in the region surrounding the MEF2 binding site on the GLUT4 gene after treated with 5.0 mM 4-PBA or butyrate for 24 h (Fig. 4B, D) . It was also found to promote MEF2A that binds to the site in the C2C12 myotubes (Fig. 4B, C) . As a result, 4-PBA and butyrate induced hyperacetylation of histone H3 and increased binding of MEF2A to the MEF2 site through suppression HDAC5 protein expression.
4-PBA treatment increases glucose uptake and glycogen synthesis
We treated C2C12 myotubes with 5.0 mM 4-PBA with or without insulin for 12 or 24 h from the seventh day of differentiation, and then examined the glucose uptake and glycogen synthesis. In the absence of insulin, glucose uptake and glycogen synthesis did not change, but with insulin both were increased, and significantly higher in the groups treated by 4-PBA after 12 h and 24 h than in the control group (Fig. 5A, B) .
These results indicated that 4-PBA treatment promotes glucose metabolism in the presence of insulin. C2C12 myotubes were treated with 0.5 µg/mL tunicamycin (TM) or both 0.5 µg/mL tunicamycin and 5.0 mM 4-PBA together for 24 h from the seventh day of differentiation. The mRNA levels from the expression of CHOP and GRP78 were increased in tunicamycin-treated group and they reduced in 4-PBA-and tunicamycin-tearted group (A and B). The mRNA levels of GLUT4 gene expression were not altered in tunicamycintreated group but increased in 4-PBA-and tunicamycin-treated group (C). The mRNA levels of GLUT1 were not altered in any group (D). The protein levels of CHOP, GRP78, and GLUT4 were measured by Western blot Fig. 3 . Effects of butyrate on GLUT4 gene expression. C2C12 myotubes were treated with 5.0 mM butyrate for 12 or 24 h from the seventh day of differentiation. The mRNA levels from the expression of GLUT4 were increased (A), but the mRNA levels from the expression of GLUT1 (B) and CHOP (C), GRP78 (D) gene expressions were not significantly altered in C2C12 myotubes after treated with 5.0 mM butyrate for 12 h or 24 h. The protein of GLUT4, CHOP, and GRP78 were measured by Western blot (E). * P < 0.05 vs. control group without any treatment. Results are mean ± SE (N=6).
Discussion
In skeletal muscle cells, glucose uptake is critically dependent on GLUT4 [9] . GLUT4 gene expression is generally decreased in the skeletal muscle tissues of type 2 diabetic patients; thus, increased GLUT4 gene expression can effectively improve insulin-stimulated glucose uptake, which decreases plasma glucose levels [16] . In the present study, we treated C2C12 myotubes with 5.0 mM 4-PBA for 12 or 24 h from the seventh day of differentiation and then assessed GLUT4 mRNA and protein levels. The results showed that GLUT4 mRNA and protein levels significantly increased after treatment, but the mRNA levels of GLUT1 were not affected (Fig. 1B, C, F) . 4-PBA treated undifferentiated myocyte and adipocyte can inhibit these cells differentiation [21, 22] . In our study, cell morphology data, MyoD and myogenin protein levels showed that 4-PBA did not affect C2C12 myotubes differentiation under the above experimental conditions (Fig. 1F, G) . These findings suggest that 4-PBA might affect differentiated C2C12 myotubes less than undifferentiated C2C12 myocytes.
4-PBA attenuates ER stress and thus improves IR, which attenuates high plasma glucose levels in ob/ob mice [8] . Previous studies have demonstrated that 4-PBA can effectively alleviate high levels of ER stress induced by tunicamycin and thapsigargin [14, 15] . We also found that 5.0 mM 4-PBA treatment of a tunicamycin-induced ER stress group reduced mRNA and protein levels from the expression of CHOP and GRP78, which are two marker genes of ER stress ( Fig. 2A, B, E) . However, 4-PBA did not influence the basal mRNA and protein levels from the expression of CHOP and GRP78 in C2C12 myotubes under normal culture conditions (Fig. 1D, E, F) , indicating that 4-PBA treatment did not affect basal ER stress. Thus, 4-PBA might not be able to ameliorate low levels of ER stress.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Notably, the mRNA and protein levels of GLUT4 were markedly increased compared with the group treated with tunicamycin alone (Fig. 2C, E) . These results suggest that ER stress, whether aggravated or not, does not affect GLUT4 mRNA and protein levels. In addition, the data showed that 4-PBA also increased GLUT4 gene expression under tunicamycin-induced ER stress. Therefore, our findings indicate that there is no correlation between ER stress and GLUT4 gene expression and that 4-PBA increases GLUT4 gene expression via an unknown pathway that does not involve ER stress. The previous study demonstrated that 4-PBA is a chemical chaperones that can attenuate ER stress [14] . 4-PBA also promotes chromosomal histone acetylation by reducing histone deacetylase (HDAC) activity [23] . HDACs regulate acetylation homeostasis, which is one of the epigenetic molecular mechanisms of cancer and cardiac dysfunction [24, 25] . Class II HDAC isoforms include HDAC4, HDAC5, HDAC7, and HDAC9. Among these, HDAC5 has been implicated as an important factor in regulating GLUT4 gene expression [26] . In fact, maximal transcriptional activation of GLUT4 is achieved when MEF2 proteins are bound to the MEF2 site, but class II HDACs, especially HDAC5, inhibit the ability of MEF2 to bind to the site [27] .
There is some credible evidence that decreased HDAC5 activity increases the accessibility of MEF2 to MEF2 binding sites [17, 18] . In addition, HDAC5 induces MEF2 deacetylation at multiple lysine residues, and hypoacetylation reduces MEF2 binding activity [28] . Another study reported that with the inhibitory action of monophosphate-dependent protein kinase (AMPK) and calmodulin-dependent protein kinase (CaMK), HDAC5 separates from MEF2 and induces MEF2 binding to the promoter of the GLUT4 gene, so the suppression of HDAC5 promotes GLUT4 gene expression [17] . 4-PBA has been found to inhibit the activity of class I and II HDACs [23, 29] . Based on this, we infer that 4-PBA increases GLUT4 gene expression through suppression of class II HDACs, especially HDAC5. Our hypothesis was confirmed with the use of butyrate, which is a HDAC inhibitor and has been used to inhibit deacetylation in many experiments [30] . In our study, the mRNA and protein levels of GLUT4 were significantly increased in C2C12 myotubes treated with butyrate ( Fig. 3A, E) , but GLUT1 mRNA levels were not affected (Fig. 3B) . The result was similar to that achieved with 4-PBA treatment; butyrate did not influence normal ER stress in C2C12 myotubes (Fig. 3C, D, E) . These results reveal that 4-PBA-induced GLUT4 gene expression is not mediated by the ER stress pathway. In addition, we provide evidence that 4-PBA and butyrate reduced HDAC5 expression levels and that histone H3 remained hyperacetylated (Fig. 4A) . In support of the notion that maximal GLUT4 transcriptional activation is achieved when MEF2 proteins are bound to the MEF2 site, we found increased histone H3 acetylation at the MEF2 binding site on the GLUT4 promoter after C2C12 myotubes were treated with 4-PBA or butyrate for 24 h (Fig. 4B, D) . These findings confirm that H3 acetylation status at the MEF2 binding site on the GLUT4 promoter can be regulated by 4-PBA or butyrate. Furthermore, recent studies have demonstrated that MEF2A was acetylated at multiple lysine residues and that this acetylation increases MEF2A binding activity [28] . Indeed, we observed increased binding activity of MEF2A to the MEF2 binding site (Fig. 4B, C) . These findings suggest that the increase in MEF2A binding activity may be due to 4-PBA and butyrate inhibition of HDACs, including HDAC5. The above data show that 4-PBA inhibits HDAC5 gene expression, resulting in hyperacetylation of histone H3 at the MEF2 binding site, which increases the binding of MEF2A to the GLUT4 promoter, leading to increased GLUT4 gene expression in C2C12 myotubes.
GLUT4 mediates glucose transport in response to insulin levels. Insulin induces the translocation of GLUT4 from intracellular storage vesicles to the plasma membrane, thus increasing glucose transport [16] . Therefore, the increased GLUT4 gene expression influences glucose metabolism [31] . After treatment with 5.0 mM 4-PBA for 24 h, GLUT4 mRNA and protein levels were increased in C2C12 myotubes (Fig. 1B, F) . To determine whether 4-PBAupregulated GLUT4 gene expression contributes to the glucose transport response in the presence of insulin, we compared glucose metabolism levels in 4-PBA-treated groups with or without insulin and with the control group (no treatment). We found that 4-PBA significantly increased glucose uptake and glycogen synthesis under insulin treatment (Fig. 5A, B) . These results indicate that 4-PBA promotes GLUT4 gene expression and leads to increased glucose uptake and glycogen synthesis in C2C12 myotubes in the presence of insulin.
Recent studies have mainly focused on the mechanism of 4-PBA-mediated attenuation of ER stress in models of diabetes and obesity. There is no report about whether 4-PBAinduced GLUT4 gene expression can reduce plasma glucose in a diabetic model. 4-PBA can only relieve ER stress-induced IR and thus reduce plasma glucose in ob/ob mice, in which ER stress plays a central role. It does not reduce plasma glucose in other diabetic models, such as hydrocortisone sodium succinate-induced diabetic mice and Goto-Kakizaki rats [10] . These results suggest that 4-PBA-mediated attenuation of ER stress-induced IR, but not 4-PBA-mediated increase of GLUT4 gene expression, plays a decisive role in 4-PBA's ability Our results demonstrate that 4-PBA suppresses the activity of HDAC5, increases histone H3 acetylation at the MEF2 binding site on the GLUT4 gene, and increases MEF2A binding to the GLUT4 promoter, resulting in increased GLUT4 gene expression and glucose metabolism in C2C12 myotubes (Fig. 6) . Therefore, 4-PBA promotes GLUT4 gene expression through a mechanism that involves suppression of the HDAC5 pathway but without involving ER stress.
